Whistler mode chorus waves are particularly important in outer radiation belt dynamics due to their key role in controlling the acceleration and scattering of electrons over a very wide energy range. The efficiency of wave-particle resonant interactions is defined by whistler wave properties which have been described by the approximation of plane linear waves propagating through the cold plasma of the inner magnetosphere. However, recent observations of extremely high-amplitude whistlers suggest the importance of nonlinear wave-particle interactions for the dynamics of the outer radiation belt. Oblique chorus waves observed in the inner magnetosphere often exhibit drastically nonsinusoidal (with significant power in the higher harmonics) waveforms of the parallel electric field, presumably due to the feedback from hot resonant electrons. We have considered the nature and properties of such nonlinear whistler waves observed by the Van Allen Probes and Time History of Events and Macroscale Interactions define during Substorms in the inner magnetosphere, and we show that the significant enhancement of the wave electrostatic component can result from whistler wave coupling with the beam-driven electrostatic mode through the resonant interaction with hot electron beams. Being modulated by a whistler wave, the electron beam generates a driven electrostatic mode significantly enhancing the parallel electric field of the initial whistler wave. We confirm this mechanism using a self-consistent particle-in-cell simulation. The nonlinear electrostatic component manifests properties of the beam-driven electron acoustic mode and can be responsible for effective electron acceleration in the inhomogeneous magnetic field.
Plain Language Summary
We consider the effects of induced scattering of the electromagnetic whistler wave to the electrostatic electron acoustic wave (observed as field-aligned electric field bursts). The main discussed effect is based on the coupling of the slightly oblique whistler wave and a beam-driven electron acoustic wave observed as "nonlinear whistler waves". The wave interaction as the result produces the whistler wave and the rapidly steepening acoustic electrostatic wave with the same phase (and the same k and frequency). Then, because the two different modes are the result of the interaction, the following dynamics of the waves in the inhomogeneous magnetic field is different: the whistler wave phase velocity depends on the background magnetic field magnitude but the acoustic mode propagate with the constant phase velocity. This dynamics leads to the waves phase differences and explains the fact that the observed in the experiment whistler and electrostatic bursts usually have actually random phase shift. To confirm this, we studied the dynamics of these waves in the inhomogeneous magnetic field system making use of the particle-in-cell simulation, reproduced all steps of the modes conversion, and confirmed that the dynamics in the inhomogeneous plasma system leads to the observed effects.
Introduction
Chorus whistler waves are important natural electromagnetic emissions in the magnetosphere because of their high efficiency in resonantly accelerating or precipitating electrons trapped in the outer radiation belt, producing either fast increases of high-energy (up to relativistic) electron fluxes or energetic electron precipitation. Observations by the Van Allen Probes (Mauk et al., 2013) provide high-quality extra low AGAPITOV ET AL. 1 frequency/very low frequency (VLF) measurements of the three wave electric field components (Wygant et al., 2012) including that parallel to the ambient magnetic field. These observations have revealed new evidence of rapid nonlinear wave-particle interactions in the outer radiation belt that can be important for electron acceleration and scattering on short time scales (see reviews by Albert et al., 2012 , Omura et al., 2012 , and Shklyar & Matsumoto, 2009 , and references therein).
The large parallel electric field components of oblique (relative to the background magnetic field) chorus waves allows them to interact with 0.1-1 keV electrons through the Landau resonance Artemyev et al., 2013 Artemyev et al., , 2016 . Such electrons, trapped into the wave electrostatic potential, can provide nonlinear feedback that modifies the initial wave electric field, especially in the parallel direction, to produce the secondary harmonics reported by Kellogg et al. (2010 Kellogg et al. ( , 2011 or the reported steepened parallel electric field bursts Drake et al., 2015; Mozer et al., 2015) . However, the nature of these nonlinear whistler wave perturbations, as well as the favorable conditions for their development, has not been clear. The observed high amplitude (up to 200 mV/m) very oblique whistlers (favorable for particle trapping in their effective potentials) have mostly exhibited monochromatic structures Cattell et al., 2008; Cully et al., 2008; Wilson et al., 2011) . Clear nonlinear features were most evident in waves of intermediate amplitudes of 20-50 mV/m with only slightly oblique propagation Drake et al., 2015; Kellogg et al., 2010; Mozer et al., 2015) . Moreover, models of the nonlinear evolution of whistler waves suggested an amplitude threshold of around 0.1 of the background field (large compared to observed magnetospheric wave amplitudes) and/or the unusual wave propagation close to the resonance cone (Yoon et al., 2014) . These facts indicate the need to study additional parameters controlling growth of higher harmonics, that is, steepening of whistler waves, as well as the nature and further dynamics of these nonlinear electric field perturbations.
In the following sections, we present new experimental features of nonlinear whistlers and provide the results of a 2-D particle-in-cell (PIC) simulation that reveals the development of nonlinear whistlers and their dynamics in an inhomogeneous magnetic field.
Observational Properties of Nonlinear Whistler Steepening
VLF and electron distribution function measurements from NASA's Van Allen Probes (Mauk et al., 2013) and Time History of Events and Macroscale Interactions define during Substorms (THEMIS) (Angelopoulos, 2008) were analyzed. We use the electric and magnetic field waveforms from the Electric Fields and Waves experiment (EFW) (Wygant et al., 2012) and the Electric and Magnetic Field Instrument Suite and Integrated Science (Kletzing et al., 2013) Van Allen Probes detectors and EFW and SCM THEMIS detectors. The Van Allen Probe Flux Gate Magnetometer (Kletzing et al., 2013) and THEMIS Flux Gate Magnetometer (Auster et al., 2008) measurements were used to evaluate the background magnetic field. The electron distribution functions were obtained from the Energetic Particle, Composition, and Thermal Plasma suite (Spence et al., 2013) which included data from the Helium Oxygen Proton Electron detector for electron fluxes below 50 keV (Funsten et al., 2013) aboard Van Allen Probes and ESA (McFadden et al., 2008) aboard THEMIS.
The nonlinearity in whistler waveforms is observed predominantly in the parallel component of the electric field Malaspina et al., 2014; Mozer et al., 2015) . In Figures 1a and 1b , the transverse component of the wave magnetic field and the parallel component of the wave electric field captured aboard Van Allen Probe A on 24 April 2013 are presented. The spectrum of the magnetic field in Figure 1c shows the typical properties of the lower band chorus waves with a wave frequency of around 600 Hz, or 0.35 of the local f ce . The electric field spectrum in Figure 1d reveals significant harmonic generation up to 2f ce . This harmonic structure is clear from the normalized (to compare with the normalized magnetic field spectrum shown by the dashed curve) spectrum of parallel electric field in Figure 1e . The zoomed-in plots of electric and magnetic field waveforms show almost harmonic magnetic field variations (in Figure 1g ) and periodic asymmetric bursts of parallel electric field in Figure 1f . The amplitude of the parallel electric field bursts exceed the wave parallel electric field amplitude calculated from the wave magnetic field amplitude by making use of the cold plasma whistler dispersion relation by about an order of magnitude (up to 40 mV/m compared to~2 mV/m expected from the whistler dispersion relation). The ratio of the wave magnetic field components indicates weakly oblique propagation with the wave normal angle around 20-30°(relative to the background magnetic field). The crossphase behavior of the transverse magnetic and electric field components is in agreement with the whistler
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10.1002/2017GL076957 phase relationship. However, the maxima of the nonlinear parallel electric field bursts are not correlated with the whistler phase. Instead, they exhibit a nearly uniform distribution of the bursts versus the phases of either the transverse electric or magnetic field (as indicated by the vertical red lines). This indicates that there are random phase differences between the nonlinear parallel electric field perturbations and the whistler wave. This phase decoupling can take place only if the phase velocity of the electrostatic perturbation differs from the phase velocity of the whistler wave, that is, if two distinct plasma waves with close frequencies and different dispersion properties are observed propagating through the inhomogeneous plasma.
The electron distribution function in panel (h) reveals a field-aligned beam-like anisotropy with a maximum that corresponds well with the phase velocity of the observed whistler wave. Thus, intense parallel electric field bursts can be amplified from oblique whistlers through interactions with electron beams (e.g., beamdriven electron acoustic mode, see Gary & Tokar, 1985; Marsch, 1985) . It is likely that the whistler wave parallel field modulates the electron beam and amplifies the beam at the wavelength scale. Such a modulated beam would drive electrostatic waves with a phase speed close to that of the whistler. As the beam propagates with a velocity close to the whistler wave phase velocity, the beam mode wave number is generated so that the electrostatic wave phase speed matches that of the whistler in the interaction region. Thus, the generated beam-driven mode has the same wave number as a whistler wave number. This scenario explains the oneto-one correlation between intense electrostatic parallel electric fields and whistler wave fields. Nonlinear interactions with electron beams (including particle trapping) should result in electrostatic wave steepening and formation of the observed electric field bursts. To test this scenario, we present a self-consistent numerical simulation of whistler wave generation and propagation together with electron beams that reveals the self-consistent generation of electrostatic waves with intense parallel electric fields. We also note that observed features (whistler wave, resonant electron beam, and nonlinear bursts of parallel electric fields) are not unique or exotic phenomena in the inner magnetosphere (see Figure S1 in the supporting information). The common feature of the observed cases is the relatively low phase velocities of the whistler waves due to the relatively high ω pe /ω ce ratio (about 5-8), which satisfies the resonance condition of whistler and electron acoustic wave phase velocity equivalence.
Computational Setup and Results
We use a PIC simulation code similar to that used by to generate enhanced fluctuations of both electromagnetic whistler and electrostatic electron acoustic waves. Our results are presented in normalized units: the magnetic field, predominantly directed along the x axis, is normalized to B 0 , time is in units of the electron cyclotron frequency f ce , lengths are relative to the electron skin depth d e , velocities are Panel (e) presents the summary spectra of magnetic (the dashed curve) and parallel electric (the solid curve) field wave perturbation. The zoom of the wave perturbations is shown in panels (g) and (f) for the magnetic and electric field, respectively. In panel (h) electron spectra along the magnetic field (the solid curve) and perpendicular to the field (the thin curve) are presented. . The computational domain is L x × L y = 204.8d e × 204.8d e with a grid scale of 0.05d e (with 200 particles per cell). The ambient magnetic field magnitude B 0 depends on coordinates x, y as B 0 = 2 + cos(πÁx/102.4d e )Ácos(πÁy/102.4d e ), so B 0 varies by a factor of 3 along the x direction at the center of the domain in y; the mass ratio is m i /m e = 200, and the speed of light c = 5 c Ae , while ω pe /ω ce = 5 . The main difference from the system setup in Drake et al. (2015) is the inhomogeneous magnetic field condition to reproduce better the conditions in the vicinity of the geomagnetic equator. The magnetic field inhomogeneity is the important factor for wave-particle interactions, which leads to wave/particle energy exchange (e.g., Shklyar & Matsumoto, 2009 ). The simulations are carried out in a 2-D system with the initial magnetic field predominantly in the x direction. The initial electron temperature is uniform T exx = T eyy = T ezz = 0.025, while, in the source region in the center domain, for |x À L x | < L x /12, T eyy = T ezz = 0.4, corresponding to the transverse anisotropy of 16.
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The whistler turbulence develops in the central x region of the box, rapidly scattering the high-energy resonant electrons through the cyclotron resonance and decreasing their pitch angle to be more field aligned such that the anisotropy decreases by a factor of~5 within a few tens of 1/f ce . The very high level of the initial anisotropy results in the rapid growth of whistler waves which scatter electrons nonlinearly (nondiffusively). This scattering leads to formation of structures in the particle distribution function, for example, a beam-like distribution of superthermal electrons propagating from the wave source. Formation of such structures cannot be described by quasi-linear diffusion and likely represent transient processes driven by the very strong anisotropy/rapid whistler wave growth. Although this beam generation involves parameters not observed under typical magnetosphere conditions, our model, which reproduces both oblique whistler waves and a resonant beam, successfully mimics spacecraft observations and thus can serve for investigation of the formation of strong electrostatic bursts. Whistlers propagate from the source as shown in the snapshot in the end of the simulation in Figure 2a (see also the supporting information to Drake et al., 2015) . The typical magnetic field perturbations, shown in Figures 3b and 3e , have amplitudes up to 0.1B 0 , which are about an orderof-magnitude larger than observed in the radiation belt. However, the nonlinear perturbations are not related to the maximum wave amplitude but are observed with B w~0 .03 B 0, which is comparable with the spacecraft observations in Figure 1 where B w is up to 1 nT with B 0 = 71 nT, that is, Bw~0.15-0.2B 0 . The ratio of the parallel to transverse components corresponds to wave normal angles around 20-30°, which is similar to the cases presented in Figures 1 and S1 . In the following, we consider waves in the middle part of the system (y around 0), where whistlers are generated in a region with normalized B 0 = 1 and propagate to a region with a magnetic field of B 0~2 -3. Magnetic field lines are straight in this region so that the effects of magnetic field curvature are negligible. This region is intended to model the region in the vicinity of the geomagnetic equator in the Earth's outer radiation belt.
The relaxation of the very high electron temperature anisotropy during the generation of weakly oblique whistlers yields electron distributions with beam-like features along the direction of the ambient magnetic field (shown in Figures 2h and 2i) . The beams propagate with velocities close to the quasi-parallel whistler wave phase speed. Therefore, our simulation setup reproduces the main observed conditions which are intense quasi-parallel whistlers that are Landau resonant with electron beams. The temporal modulation of the electron beam is evident in Figure 2d . Figure 2c (solid line) shows the electrostatic beam-driven mode. Nonlinear evolution of this electrostatic mode includes steepening (indicating the ω~k dispersion dependence), and the development of the nonlinear electrostatic bursts by electron trapping by potential wells (Figures 2f and 2g) . The nonlinear structures are seeded by the whistlers through modulation of the electron beams propagating from the source region (due to the relaxation of the initial high transverse anisotropy). The power spectra of the wave electromagnetic components (presented in Figure 2k ) are nearly monochromatic with a wave frequency around 0.2f ce , and the higher harmonics in the spectrum of the electrostatic component of the wave contain significant energy, similar to the properties of the signal observed aboard the Van Allen Probes and THEMIS spacecraft (Figures 1 and S1 ). The harmonics keep a constant phase with respect to each other. The dispersion properties of the plasma waves observed in the spacecraft experiment (Figure 1 ) and in the PIC simulation (Figure 2 ) are presented in Figure 3 . The quantities depicted in Figure 3 are described in the figure caption. The wavelength of whistler and electrostatic waves in the spacecraft data was estimated making use of the phase velocity and frequency value and was measured directly in the PIC results. The electrostatic harmonics propagate at a nearly constant velocity (all harmonics are coherent, i.e., keep the constant phase shift and propagate with the close velocity) indicating k~ω, which is
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significantly different from the whistler dispersion. The electrostatic bursts fall on a curve that corresponds to the dispersion of the beam-driven mode, so we conclude that they are the beam-driven electron acoustic waves. The train of periodic electrostatic bursts propagates at the same speed as the whistler wave. The amplitude of the electrostatic spikes appears to depend less on the initial whistler wave amplitude than on the beam flux: the nonlinear perturbations are not associated with the maximum amplitudes of whistler but with the maximum density of the beam. This explains the wide range of amplitudes of whistlers with nonlinear electrostatic components that are observed in the magnetospheric plasma. Electron acoustic waves are observed in the radiation belts in the presence of significant hot electron populations . Thus, these conditions might lead to similar nonlinear features. The electron acoustic wave is known to steepen rapidly (Dillard et al., 2018) and to propagate in a nonlinear mode in which trapping of resonant electrons in the wave potential takes place. 
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Thus, linear damping might be suppressed (Montgomery et al., 2001; Nikolić et al., 2002) . The nonlinear electron acoustic waves can play a significant role in wave-particle and wave-wave interactions .
The phase velocity of whistlers depends on the ambient magnetic field magnitude (Stix, 1962) and increases along the x direction as the waves propagate away from the source region in our simulation. Thus, the normalized whistler wave number changes during propagation and the coupling condition with the electron acoustic wave is lost, as illustrated in Figure 3c . In Figure 4b , the space-time behavior of the wave magnetic (b), which emphasizes the vicinity of the wave coupling. The changes of the whistler frequency and wave number (small red diamond) due to wave propagation into the region with a larger background magnetic field, as observed in the PIC simulation, is highlighted by the red arrow. Figure 2a ) presented in the space-time domain, where the x axis represents the x axis of the system in Figure 2a and the y axis represents the time steps of the PIC simulation normalized to the source (B 0 = 1) electron cyclotron frequency ω ce . The space-time behavior of the transverse magnetic field is shown in panel (b) in the same format. The red and blue curves in panels (a) and (b) indicate the propagation traces of the two nonlinear structures (marked in Figure 2f by the red and blue arrows). Panel (c) presents the amplitude of these two nonlinear structures as a function of the magnetic field strength (red and blue diamonds, respectively). The amplitude dynamics, computed from the local energy balance, are shown by the red and blue solid curves.
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field perturbation reveals an increase of the whistler phase and group velocity with distance x from the source region. However, the beam-driven electrostatic waves should not depend on magnetic field since their velocity is dictated by the initial beam velocity. Indeed, Figure 4a shows that the parallel electric field bursts propagate with a constant velocity through the region with higher magnetic field. The traces of the two parallel electric field bursts indicated in Figure 2f by the arrows are shown in Figures 4a and 4b by the red and blue curves. The difference in propagation velocities of the nonlinear electrostatic perturbations and the whistlers in the region of higher magnetic field demonstrates that the two waves become phase independent and explains the corresponding phase independence of the whistlers and electrostatic structures seen in the observations of the Van Allen Probes and THEMIS spacecraft.
The propagation of the electrostatic bursts containing trapped particles with constant beam velocity into the region with higher magnetic field magnitude leads to heating of the trapped population (an increase of the transverse temperature T tr because of the conservation of the magnetic moment), which results in damping of these bursts seen in Figure 4c . The estimate of the damping from the energy exchange between trapped and untrapped populations gives a value of the peak electrostatic potential φ that depends on the magnitude of the background magnetic field and predicts a decay of the amplitude of the structure as it moves through the region of increasing magnetic field along its trajectory. The amplitudes of the two bursts shown in Figure 4a in the red and blue trajectories are presented in Figure 4c (red diamonds for the first structure and blue diamonds for the second one) as a function of the ratio B/B 0 . The rapid decay of the burst amplitude caused by the propagation into the region with the larger background magnetic field magnitude is in good agreement with the approximate dependence eφ + T tr0 B/B 0~c onst with T tr = T tr0 B/B 0 shown by the red and blue solid curves, respectively.
Discussion and Conclusions
The Van Allen Probe and THEMIS satellites have recorded VLF waveforms of chorus-type whistler waves with significantly enhanced parallel electric field that exhibited sufficiently nonsinusoidal localized electrostatic bursts. The observed amplitudes of the parallel electric field exceed that expected from the ratio of E w /B w estimated from the whistler dispersion relation in cold plasma by up to an order of magnitude. The power spectrum of the electrostatic perturbation has harmonic structure that is different from the whistler dispersion and contains significant wave power above f ce . The whistler waves identified in the observations were weakly oblique with wave normal angles of about 20-40°and with modest amplitudes: the wave magnetic field was observed to be from 0.1 to 1 nT and the wave electric field amplitude was about 10-20 mV/m. This suggests that the thresholds for formation and development of electrostatic bursts synchronized with whistler waves do not require extreme whistler parameters but depend on the presence of an additional factor, which was found to be a resonant hot electron beam. The observed electrostatic bursts were shown to be likely nonlinear beam-driven electron acoustic waves with ω~k dispersion (Gary, 1985; Marsch, 1985; Tokar & Gary, 1984) , which are normally discounted in plasma systems due to their strong damping in the presence of a single electron component (Montgomery et al., 2001 ) but can be realized in the system having suppressed damping due to domination of the hot electron population or presence of the resonance electron beam. Coupling of the whistler mode with the electron acoustic mode (under conditions that make damping of the electron acoustic wave weak) provides the induced scattering of the whistler wave and determines the parameters of the resulting electrostatic wave.
We studied the generation and propagation of the nonlinear electrostatic perturbations stimulated by a weakly oblique whistler wave by making use a self-consistent numerical system using a 2-D PIC model as discussed in Drake et al. (2015) . The strong anisotropy of the initial electron distribution and the strong resonant interaction of the growing whistler waves with the electrons result in formation of the system with whistler waves and an electron beam. This system mimics the observations and serves as a simulation model for investigation of the electrostatic wave growth and nonlinear dynamics. In the system with the resonant hot electron beam, the Landau damping of acoustic modes is suppressed. We observe the coupling of the electrostatic component of oblique whistlers with the electron acoustic mode, which drives the induced scattering through the modulation of the resonance beam and seeds the electrostatic electron acoustic wave generation. The electron acoustic wave rapidly steepens (due to ω~k dispersion) and grows into nonlinear electron acoustic structures . In the inhomogeneous magnetic field, the whistler phase
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velocity changes and the electrostatic bursts become phase independent from whistlers during propagation, as is also observed in the Van Allen Probes and THEMIS data.
Numerical simulations reveal an acceleration mechanism of electrons nonlinearly resonating with strong parallel electrostatic fields. This parallel electric field traps electrons, which are in resonance with the wave and the trapped electron population is efficiently heated as it is dragged to a higher ambient magnetic field. The particle gains transverse kinetic energy due to the conservation of the magnetic moment (this mechanism resembles the electron acceleration by quasi-electrostatic whistler waves, see, e.g., Artemyev et al., 2012 Artemyev et al., , 2013 Agapitov et al., 2014; . The process results from the direct transformation of energy from electron beams to parallel electric field bursts and from these bursts to heating of the trapped electrons (with decrease of the pitch angles of the trapped population). As a result the parallel electric field bursts decay when propagating in the inhomogeneous magnetic field.
To conclude, in this paper we report the first direct observation of the electrostatic electron acoustic wave generation triggered by the electromagnetic whistler mode in the presence of the resonance electron beam. The process which has been thought of as the nonlinear electrostatic steepening of whistler waves is, instead, the coupling of the whistler with the electron acoustic mode. This plasma wave mode conversion is thought to be important for the energy transport to smaller scales and for plasma heating in space and laboratory plasma systems. This interpretation has been confirmed by a self-consistent numerical simulation that fully reproduces all steps of the process.
